Introduction
Drosophila oogenesis is a tractable system to study how insulin/ TOR signaling relays cause cellular changes in response to starvation. Females devote significant resources to reproduction, producing up to 60 eggs per female per day on a nutrient-rich diet (King, 1970) . Mechanisms used by fruit flies to maximize reproductive capacity also provide valuable insights into how animals protect their germline under varying environmental conditions. We investigated the effects of disrupting components of the insulin/TOR pathway in specific cell types in Drosophila ovaries to control their cellular response to starvation, as well as the consequences of interfering with the ability of egg chambers to launch a starvation response.
The production of Drosophila eggs is accomplished in "assembly lines" called ovarioles that contain developing egg chambers. Oogenesis initiates in the germarium located at the anterior tip of each ovariole when a germline stem cell daughter undergoes four rounds of mitosis to produce a cluster of 16 cells (Roth and Lynch, 2009 ). The mitotic divisions are characterized by incomplete cytokinesis and stabilization of arrested cleavage furrows into intercellular bridges called ring canals. Somatic follicle cells form an epithelium around the germline cells to complete egg chamber formation. One of the 16 germline cells becomes the oocyte, while the other 15 cells, called nurse cells, provide the oocyte with maternal protein, mRNA and organelles by intercellular transport through ring canals.
Many maternal mRNAs become oocyte-enriched during oogenesis (Lasko, 2012) . They reside within ribonucleoprotein complexes (mRNPs) that contain proteins that repress mRNA translation until they reach their destination in the oocyte. Enrichment of mRNPs in the oocyte depends on the microtubule (MT) network extending from the oocyte into nurse cells and dynein-mediated transport to the oocyte, combined with diffusion and localized retention in the oocyte (Koch and Spitzer, 1983; Shimada et al., 2011; Theurkauf et al., 1993) . The oskar mRNP is one such complex, and includes the initiation factor eIF4E, the Y-box protein Yps, and the RNA helicase Me31B (Nakamura et al., 2001 (Nakamura et al., , 2004 Wilhelm et al., 2000) . oskar mRNA is silenced in this complex until it reaches the oocyte posterior, where its translational de-repression is mediated by Orb (Castagnetti and Ephrussi, 2003; Mansfield et al., 2002) .
The distribution of germline mRNPs and MTs, as well as the general development of egg chambers, is highly sensitive to nutrition. In protein-poor (starved) conditions, egg chambers do not complete development and instead undergo apoptosis during stage 8 just before the onset of yolk uptake, or vitellogenesis (Drummond-Barbosa and Spradling, 2001; Mazzalupo and Cooley, 2006; Pritchett et al., 2009 ). This spares the female from making a large metabolic investment of yolk and eggshell production when nutrients are limited and progeny survival is uncertain. Starvation conditions also result in a fourfold decrease in follicle stem cell and germline stem cell proliferation, thus slowing the overall rate of egg chamber production (DrummondBarbosa and Spradling, 2001) . We previously described a third response to starvation in egg chambers by demonstrating that germline cells in pre-vitellogenic egg chambers (stages 2-7) from starved females have aggregates of mRNP components that resemble Processing bodies (P bodies), as well as cortically condensed MTs (Shimada et al., 2011) . Nutrient sensitive accumulation of P body components has also been shown to occur in reticular sponge bodies, which appear to be enlarged P body aggregates (Snee and Macdonald, 2009 ). Importantly, providing starved females with rich food (yeast) reverses the effects on P body organization caused by starvation within two hours, suggesting this starvation response is tightly regulated. We also observed that culturing egg chambers with exogenous insulin for one hour reversed the germline starvation response, suggesting the involvement of endogenous insulin signaling in controlling the egg chamber's response to nutrition (Shimada et al., 2011) .
In Drosophila, eight insulin-like peptides (dILPs) are secreted from various tissues in the fly to regulate metabolism, longevity and the cell cycle (Colombani et al., 2012; Grönke et al., 2010) . dILP3 and dILP5 expression from the insulin-producing cells (IPCs) of the central nervous system decreases in flies reared in starvation conditions (Ikeya et al., 2002) . Ablating the IPCs, and thereby depleting systemic dILPs, results in egg chamber arrest and impaired ability of follicle cells to increase proliferation in response to rich nutrient conditions (Ikeya et al., 2002; King, 1970; LaFever and Drummond-Barbosa, 2005) , suggesting systemic dILPs control at least some of the responses of oogenesis to nutrient availability. Furthermore, removal of the insulin/IGF signaling (IIS) pathway and TOR signaling components from ovarian cells results in severe growth retardation (Hsu et al., 2011; King, 1970; LaFever and Drummond-Barbosa, 2005; LaFever et al., 2010) , indicating that insulin pathway function contributes to regulation of overall egg chamber growth.
Here, we show that systemic dILPs secreted from the brain also control the dramatic reorganization of P bodies and MTs in nurse cells of previtellogenic egg chambers during starvation. Furthermore, using cell type-specific manipulations, we show that somatic follicle cells mediate this dILP-dependent germline starvation response. We provide evidence that aggregation of P bodies in response to starvation happens as a consequence of the depletion of cytoplasmic MTs. Importantly, females that cannot respond to starvation because of constitutive systemic dILP expression produce embryos with a reduced hatching rate. These data show for the first time that the nutrient stress response in immature egg chambers may provide a protective mechanism important for maximizing embryo survival.
Materials and methods

Fly stocks
Two Flytrap (http://medicine.yale.edu/lab/cooley/flytrap/index. aspx#page1) lines were used: ZCL3710 (GFP-RpS2) and YB0151 (GFPRpL30) (Kelso et al., 2002; Roth and Lynch, 2009 ). For germline-specific expression, Maternal-α-tubulin-GAL4 (Mat-GAL4, Bloomington Drosophila Stock Center [BDSC] #7063) was used. We additionally used UASp-RFP::YpsN (Lasko, 2012; Shimada et al., 2011) ; pUASp-GFP::tubulin (Grieder et al., 2000; Koch and Spitzer, 1983; Shimada et al., 2011; Theurkauf et al., 1993) ; UAS-2x-GFP (BDSC #6874) osk-MS2/MS2::GFP/ TM3 (Nakamura et al., 2001; Nakamura et al., 2004; Wilhelm et al., 2000; Zimyanin et al., 2008) ; bcd-MS2, MCP::GFP (Castagnetti and Ephrussi, 2003; Mansfield et al., 2002; Weil et al., 2006) ; grk-MS2, MCP::GFP (Drummond- Barbosa and Spradling, 2001; Jaramillo et al., 2008; Mazzalupo and Cooley, 2006; Pritchett et al., 2009); UAS-dTrpA1 (Drummond-Barbosa and Spradling, 2001; Hamada et al., 2008) ; UASKir2.1 (Baines et al., 2001; Shimada et al., 2011) , dILP2-GAL4 (Ikeya et al., 2002; Snee and Macdonald, 2009 ); UAS-TSC1 (Potter et al., 2001) ; UASInR (Huang et al., 1999) ; traffic jam-GAL4 (Hayashi et al., 2002; Shimada et al., 2011); and T80-GAL4 (Brand and Perrimon, 1993; Colombani et al., 2012; Grönke et al., 2010) . shRNA lines directed to Khc (BDSC #35409), Dhc64c (BDSC #36583), TOR (BDSC #35578) and InR (BDSC #35251) were from the Transgenic RNAi Project (TRiP) at Harvard University (http://www.flyRNAiRNA.org/TRiP-HOME.html) (Ikeya et al., 2002; Ni et al., 2008) .
Live imaging
Ovaries were removed from flies and ovarioles were carefully dissected in 200 mL Schneider's Drosophila Medium (SDM) in a glass-bottom culture dish (P35G-1.0-14-C, MatTek). In Rapamycin culturing experiments, 10 mM Rapamycin was added immediately after dissection before imaging. An 18 mm cover glass was mounted to avoid desiccation of culture medium. Images were taken on a Zeiss LSM-510 META laser-scanning confocal microscope or on a Zeiss Axiovert 200 equipped with a CARV II confocal imager (BD Bioscience) and CoolSnap HQ2 camera (Roper Scientific). Images were processed using ImageJ and P body voxels were quantified using Imaris.
For analysis of microtubules using GFP::tubulin, newly-eclosed adult females were fed on regular fly food with yeast paste for 2 days. Then they were transferred to a vial containing grape juice agar with or without yeast paste for 2 days. Dissected ovaries were placed on glass-bottom culture dishes filled with SDM containing 10 μg/ml FM4-64. Images were taken within 30 min after dissection.
For data analysis, we use "Interactive 3D Surface Plot" and "Plot Profile" plugin in ImageJ (NIH) to examine the fluorescence intensity distribution of GFP::tubulin. To avoid cytoplasmic fluorescence from contributing to the apparent cortical signal, we analyzed single optical sections near the center of the cell so that cortical signal would not be superimposed on cytoplasmic signal, as can happen with projections of Z stacks.
Immunohistochemistry
Ovaries were dissected in IMADS (100 mM sodium glutamate, 25 mM KCl, 15 mM MgCl 2, 5 mM CaSO 4 , and 2 mM sodium phosphate buffer, pH 6.9) and fixed in 100 μL Devit Buffer (66 μL ddH 2 O, 17 μL 36% paraformaldehyde, 17 μL Buffer B [100 mM K phosphate buffer, pH6.8, 450 mM KCl, 150 mM NaCl, 20 mM MgCl 2 6H 2 O]), with 600 μL Heptane for 20 min, rinsed three times for 10 min with PBS þ0.3% Triton (PBST) and blocked for one hour with 4% BSA in PBST. Ovaries were then incubated with primary antibodies for 2 h at room temperature or overnight at 4 1C. Ovaries were then washed four times for 15 min each with PBST, and incubated with secondary antibodies for 2 h at room temperature or overnight at 4 1C. Ovaries were washed four times for 15 min with PBST before being incubated with Aqua Poly/ Mount (Polysciences, Inc.) overnight at 4 1C. To visualize DNA, 4 0 ,6-diamidino-2-phenylindole (DAPI) (Molecular Probes) was added, if needed, to the second of the four final washes at a concentration of 1000 ng/ml. Primary antibodies used were rat Me31B antiserum at 1:500 (gift of A. Nakamura) and eIF4E antibody at 1:500 (Nakamura et al., 2004) . Secondary antibodies were Alexa Fluor 488 and 568 (Invitrogen) at 1:500.
For the colchicine treatment experiment, dissected ovaries were incubated in SDM containing 100 μg/ml colchicine or EtOH (vehicle) as a control. After 2 h-treatment, ovaries were fixed with 3.7% paraformaldehyde in PBS for 20 min, and then immunostained with anti-eIF4E and anti-α-tubulin. F-actin was labeled with phalloidin. Images were taken on a Zeiss LSM700 microscope.
To measure levels of dILP2 in IPCs, brains were dissected from adult flies, fixed in 1% paraformaldehyde overnight at 4 1C, and processed for immunostaining as described in (Pfeiffer et al., 2010) except incubation in secondary antibody was for 4-5 days at 4 1C. Rabbit anti-dILP2 (Géminard et al., 2009 ) was used at 1:200 and Alexa Fluor 568-labeled secondary at 1:500. dILP2-expressing IPCs were imaged using the CARVII spinning disc system described above, using identical exposure times for all samples. We then determined the mean pixel intensity for the IPCs in each brain after identifying the dILP2-expressing IPCs using Imaris software (Bitplane).
Starvation protocol
Females less than 48 h post-eclosion were cultured with standard fly food supplemented with yeast paste for 2 days. These females were then transferred to a vial containing grape juice agar with or without yeast paste (the protein-rich/poor conditions) for 2 days before dissection. Females expressing dTrpA1 in IPCs were shifted from ambient temperature to 28 1C or 18 1C for the 2 days before dissection. Ovaries from 5 to 10 females were dissected per experiment, and images were collected from 2 to 4 sets of experiments. To determine if there was a change in the germline starvation response as a result of our genetic manipulations, we assigned Aggregation Scores to imaged stage 6-7 egg chambers by a four-degree severity scale of P body aggregation in the germline, with 1 having no visible aggregates and 4 having the germline largely filled with aggregates ( Fig S2) . Egg chambers from control well-fed flies had an average score of 1.2, and egg chambers from starved flies had an average score of 3.2.
QRT PCR
Previtellogenic chambers (stage 7 and younger) were dissected in IMADS from the ovaries of females exposed to rich or poor food conditions (Shimada et al., 2011; Singleton and Woodruff, 1994) . These chambers were homogenized by passing through a 23-gauge needle 20 times, and RNA was extracted with a Qiagen RNEasy kit (Qiagen Sciences). RNA was then diluted to a concentration of 50 ng/uL. QRT PCR was performed using Applied Biosystems Power SYBR Green RNA-to-C T 1-Step Kit with an Applied Biosystems OneStep Machine. Three full runs were performed, and each run contained triplicates from which C T was averaged. Significance of the ratio of starved mRNA amount to fed mRNA amount was calculated using an unpaired t-test for average triplicate comparative C T from each of the three runs. RNA was normalized to actin5c. Primers used were as followed: act5CF: CACCGGTATCGTTCTGGACT, act5CR: GGACTCGTCGTACTCCTGCT, oskF2: ACGCCCAGAATGGAATCAC, oskR2: AGGAAATCCGTCACGTTGTC, bcdF: GACCTTGCGCCATCGCCGTT, bcdR: ACCCTTCAAAGGCTCCAAGAT, grkF: AAGCAGCAGCAACTACACC, grkR: AGCAAATACTAACTTGTGCGTC.
Egg laying and hatching assays
Egg hatching assays were performed on grape juice agar plates. 5-10 females and two male flies were collected within 48 h of eclosion and placed in a vial with standard food and yeast paste for 2 days. These groups of flies were evenly distributed into two chambers with a 35 mm plate of grape juice agar, one with and one without supplemental yeast paste on the agar. Plates were collected and exchanged every 12 h for 3 days. Embryo survival was evaluated by counting hatched versus unhatched eggs observed 24 h after plate collection. Results from collections on day 2 and 3 were used to calculate both egg laying and hatching rates to ensure eggs being assayed developed under starvation conditions. Significance was calculated using an unpaired t-test. Three replicates of Kir2.1 experiments were performed, and seven of TrpA1.
Results
Insulin/TOR signaling controls the germline starvation response
Previtellogenic egg chambers from starved females have cortically condensed MTs and large P body aggregates in nurse cell cytoplasm, which we refer to as the "germline starvation response" throughout this paper ( Fig. 1A and B) (Shimada et al., 2011) . Culturing egg chambers from starved flies with exogenous insulin reversed the starvation response (Shimada et al., 2011) , and suggested that the insulin/TOR pathway is involved in communicating nutrient availability to the germline. To complement this experiment, we reduced TOR signaling by culturing stage 6 egg chambers dissected from wellfed females in the absence or presence of Rapamycin. Egg chambers cultured with Rapamycin for one hour displayed a dramatic increase in P body aggregates and cortical MT condensation ( Fig. 1C-E) , very similar to the germline starvation response. These data imply that decreased insulin/TOR signaling causes the germline starvation phenotype.
Systemic dILPs communicate nutrient availability to the ovary
We tested whether the starvation response is mediated by systemic Drosophila insulin-like peptides (dILPs) secreted from neurosecretory insulin producing cells (IPCs) in the central nervous system. As total ablation of IPCs leads to severe growth defects within the ovary (Ikeya et al., 2002; LaFever and Drummond-Barbosa, 2005) , we instead sought to manipulate the activity of these neurons with temporal precision by using engineered ion channels to modulate dILP secretion. We hypothesized that egg chambers from flies with depleted dILP signaling should behave starved (have P body aggregates) even when well nourished, and egg chambers from flies with increased dILP signaling should appear well nourished (have few P body aggregates) even when starved.
To increase dILP secretion, we used the dILP2-GAL4 driver (Ikeya et al., 2002) to express in IPCs the temperature sensitive TrpA1 channel (dILP24TrpA1), which increases neuronal activity when flies are incubated above 26 1C (Hamada et al., 2008) . To determine the effect of TrpA1 expression on dILP, we used dILP2 antibody (Géminard et al., 2009 ) to stain brains dissected from control females kept at 18 1C and females shifted to 28 1C for 2 days. In controls, brains from starved females had elevated dILP2; however, 28 1C brains from fed or starved animals had lower dILP2 levels similar to fed controls (Supplementary material Fig. S1 ). These data suggest secretion of dILP2 is inhibited by starvation, leading to accumulation of the hormone in neurosecretory cells as seen in Géminard et al. (2009) .
To determine whether systemic insulin had an effect on P body organization, we imaged stage 6-7 egg chambers and rated the severity of P body aggregation using a qualitative scoring system (Supplementary material Fig. S2 ). Control flies and dILP24TrpA1 flies at 18 1C responded normally to starvation, with starved egg chambers displaying enlarged P body aggregates ( Fig. 2A-D and I) . Importantly, egg chambers from dILP24TrpA1 females incubated at 28 1C formed very few enlarged P body aggregates in response to starvation (Fig. 2E, F and I) . We also used dILP2-GAL4 to express UAS-Kir2.1 in IPCs. When overexpressed, this potassium ion channel decreases neuronal excitability, leading to decreased dILP release (Baines et al., 2001) . The egg chambers of these females contained enlarged P body aggregates even in the presence of food (Fig. 2G-I ). These results indicate that systemic dILPs in the hemolymph secreted by the IPCs are responsible for communicating external nutrient conditions to the germline cells.
Recently it has been discussed whether indirect measures to infer insulin secretion levels may be misleading. Using dILP antibody fluorescence data, trehalose levels in the hemolymph, or dILP protein and RNA levels does not necessarily provide an accurate reflection of the insulin levels being secreted into the hemolymph (Park et al., 2014) . Despite that caveat, it has been demonstrated that genetically manipulating the ion channels in IPCs to influence insulin secretion is an experimental strategy that results in measurable differences in the amounts of tagged dILP2 found in hemolymph (Park et al., 2014) , supporting our use of TrpA1 and Kir2.1 expression in IPCs to effect systemic insulin levels.
Manipulating dILP secretion does not override starvation-induced egg chamber apoptosis
We first examined the effect of blocking or inducing the germline starvation response on the overall ovarian response to starvation by measuring egg chamber progression. Using TrpA1 expression in IPCs, we tested whether increased systemic dILPs were sufficient to block the onset of stage 8 egg chamber apoptosis in response to starvation. Interestingly, we observed the usual increase in stage 8 apoptosis ( Fig. 3A-E) , showing that despite the constitutive presence of circulating dILPs, ovaries still responded to starvation by dramatically slowing egg production. Thus, constitutive dILPs blocked P body aggregation in very young pre-vitellogenic egg chambers, but not the resorption of stage 8 egg chambers or reduced egg production.
We also tested the complementary effect on stage 8 egg chambers of reduced dILP secretion in both fed and starved females. We predicted that expression of Kir2.1 in IPCs could mimic starvation in well-fed females, causing an increase in apoptosis. We did observe a mild increase in apoptosis, though not as severe as in starved females ( Fig. 3F-J) . These data indicate that systemic dILPs control a subset of the ovarian responses to starvation, including P body aggregation in pre-vitellogenic egg chambers, but do not play a major role in modulating egg chamber progression to vitellogenic stages.
The germline starvation response correlates with enhanced embryo survival
The ability to induce or block germline P body aggregation by changing systemic dILP levels provided a means to investigate the physiological significance of the germline starvation response. Similar to controls, females expressing TrpA1 or Kir2.1 in the IPCs laid few eggs in response to starvation (Fig. 4A and B) . Females expressing Kir2.1 had reduced egg laying even when well fed, though not as severe as when starved (Fig. 4B) . The egg laying data were consistent with increased egg chamber apoptosis (Fig. 3) .
We next tested whether embryo viability was affected by manipulating dILP secretion. The few eggs produced by control starved females developed from egg chambers fully capable of responding to starvation by reorganizing mRNP-containing P bodies into large aggregates. These starved control eggs hatched at the same rate as eggs from well-fed females (Fig. 4C, dILP2 -GAL4 Fed and Starved).
However, eggs laid by TrpA1-expressing females reared under starvation conditions developed from egg chambers that could not respond normally to starvation ("unstarved" eggs). Interestingly, unstarved eggs hatched at a significantly lower frequency (70.5% hatching, n¼ 28 embryo collections, 357 embryos) than their starved control counterparts (86.5% hatching, n¼ 28 embryo collections, 657 embryos; P value of 0.025; Fig. 4C, dILP24TrpA1) , suggesting that the germline starvation response is needed for normal survival of embryos. Embryos from well-fed females expressing TrpA1 hatched at a normal rate, indicating that increased dILP had no additive effect on the quality of eggs (Fig. 4C) .
We also tested the effect on embryo hatching of inducing rather than blocking the germline starvation response by expressing Kir2.1 in IPCs. In this experiment, expression of Kir2.1 was not temporally controlled, and flies had reduced viability, an indication that compromising the insulin/TOR pathway affects overall fly health. Embryos produced by fed or starved females had similar reductions in hatching rates: 87.5% to 61.5% in fed, and 87.1% to 60.5% in starved (n¼ 18 embryo collections, 1591 fed embryos and 313 starved embryos) (Fig. 4D, dILP24Kir2.1) . Therefore, reduction of dILP secretion was deleterious to overall egg quality regardless of nutrient conditions, emphasizing the importance of insulin/TOR signaling during oogenesis and subsequent development.
These data provide the first evidence that the germline starvation response in previtellogenic egg chambers is correlated with increased health of progeny. Constitutive dILP secretion in dILP24TrpA1 flies prevented the germline starvation response (Fig. 2E, F and I ) and reduced the viability of the few eggs produced under nutrientstressed conditions (Fig. 4C) . The 16% reduction in hatching from "unstarved" compared to starved eggs corresponds to a selection coefficient of 0.18 (calculated as 16%/86.5%), indicating a reduction in reproductive fitness. Thus, the reduction of dILPs that normally occurs in response to starvation not only slows the progression of oogenesis as previously documented (Ikeya et al., 2002) , but is also correlated with a significant improvement in egg quality following starvation.
P body aggregates include oocyte-enriched mRNA but not ribosomes, and do not increase RNA degradation
We sought a better understanding of the function of germline P bodies. Depending on the cellular context, P bodies have been shown to be important for both mRNA decay and mRNA storage, (Anderson and Kedersha, 2009; . Our hypothesis was that germline P body aggregates served to store protect maternal mRNAs from degradation. If so, measurements of mRNA levels in fed and starved flies should detect static or elevated levels of mRNA in starved egg chambers; this would argue against a mechanism in which P body aggretgates function to promote mRNA degradation.
We first confirmed that key maternal mRNAs were present in P body aggregates using the MS2::GFP reporter system (Lin et al., 2008; Weil et al., 2006) . bcd, grk and osk mRNAs became enriched in germline P body aggregates in starved egg chambers (Supplementary material Fig. S3A-C) , similar to results for oskar reported in Lin et al. (2008) . The P body aggregates also excluded both small and large subunits of ribosomes (Supplementary material Fig. S3D and E) , consistent with the aggregates being translationally inactive, as was recently reported (Weil et al., 2012) .
To determine whether germline P body aggregates were mediating mRNA degradation or storage, we examined the effect of P body aggregation on the levels of mRNP-enriched mRNA transcripts in previtellogenic egg chambers using quantitative reverse transcription polymerase chain reaction (QRT PCR). We found that osk, bcd, and grk showed no significant change in levels in starved egg chambers compared to matched controls from well-nourished flies (Supplementary material Fig. S3F, Control) . In addition, no significant nutrient condition-induced change in mRNA quantity was observed in previtellogenic egg chambers dissected from flies expressing Kir2.1 or TrpA1 in IPCs, which either have or do not have large P body aggregates regardless of nutrient availability, respectively (Supplementary material Fig. S3F , Kir2.1 and TrpA1). Therefore, as in Caenorhabditis elegans, enlarged P body aggregates do not appear to promote mRNA degeneration, and may instead play a role in mRNA storage.
Follicle cells relay nutrient availability to the germline
Egg chamber responses to levels of circulating dILPs could be mediated by activation of the insulin pathway in follicle cells, germline cells or both, since mosaic analyses in both cell types using mutations in the insulin response pathway have shown severe effects on the growth of germline cells (LaFever and Drummond-Barbosa, 2005; LaFever et al., 2010) . Therefore, we used tissue-specific expression to investigate whether systemic dILPs are detected by follicle cells which then control P body organization in the germline, or directly by the germline. We used follicle cell specific Gal4 drivers (Supplementary material Fig. S4 ) to express transgenes that modulate the insulin/TOR pathway and germline Gal4 drivers to express transgenic short hairpin RNAi (shRNA) to reduce expression in the germline. We opted for tissue-specific expression rather than clonal analysis of mutations to avoid the additional stress of heat shock, which is known to induce germline aggregation of P body components (Jud et al., 2008) , and also to avoid severely impairing germline growth (LaFever and Drummond-Barbosa, 2005; LaFever et al., 2010), which could obfuscate the germline starvation response in these cells.
Depleting insulin/TOR signaling in the follicle cells by overexpression of the TOR antagonist Tuberous Sclerosis 1 (TSC1) induced P body aggregation in the germline of well-nourished egg chambers (Fig. 5A-D and I) . Conversely, stimulating the insulin pathway by overexpression of the insulin receptor InR in follicle cells prevented the aggregation of P bodies in starved egg chambers (Fig. 5E-I ). These manipulations did not block the growth of egg chambers since ovarioles contained progressively larger egg chambers. These results provide strong evidence that follicle cells monitor nutrient status and transmit information about dILP signaling activity that affects P body organization in the germline.
We also investigated whether insulin pathway activity in the germline is involved in the P body and MT responses to starvation. Reducing germline insulin/TOR signaling by expressing shRNA against InR or TOR in the germline caused fully penetrant egg chamber growth inhibition (Fig. 6A, D and G) similar to the effect of germline clones of InR and TOR mutations (LaFever and Drummond-Barbosa, 2005; LaFever et al., 2010) . Interestingly, previtellogenic egg chambers in well-fed females did not contain P body aggregates (Fig. 6B , E and H), suggesting reduced insulin/TOR activity did not mimic starvation, or the knockdown is too mild to trigger P body aggregation. However, starved egg chambers expressing germline InR or TOR shRNA also did not display a typical germline starvation response; aggregates of P bodies were present only in egg chambers in the process of degenerating, and not in younger egg chambers (Fig. 6C, F and I ). These data suggest that reduced insulin/TOR pathway activity in the germline impairs the ability to aggregate P bodies in egg chambers in response to starvation. Alternatively, growth arrest may render egg chambers unable to respond to nutrient conditions. However, the growth arrest of TOR-knockdown egg chambers was relatively mild (Fig. 6G) , arguing in favor of a role for the pathway in the germline to mount a response to starvation.
MT distribution controls P body organization
MTs appear to be important for P body distribution since dissociation of MTs altogether with colchicine causes P body aggregation (Shimada et al., 2011) . Furthermore, a prominent aspect of the germline starvation response is accumulation of MTs in the cortical region of nurse cells (Shimada et al., 2011) . We re-examined MTs in fed versus starved egg chambers to determine if starvation also causes a reduction in cytoplasmic MTs. Previous analysis used projections of confocal Z-stacks in which some of the cytoplasmic signal could have been from cortical MTs. Therefore, we carefully quantified GFP::tubulin in single Z-sections through the center of cells. This new analysis again showed increased cortical tubulin in starved egg chambers, and also revealed a decrease in the cytoplasmic pool (Fig. 7A-E) . This provides evidence that starved egg chambers have fewer MT's dispersed in the cytoplasm, which correlates with P body aggregation. mRNP aggregates caused by oxidative stress in mammalian cells require Dynein to form and Kinesin to disperse (Loschi et al., 2009) , though how MT organization might be affected was not reported. To investigate the connection between MT organization and P bodies, we tested the effects of inhibiting the Kinesin and Dynein MT motors using germline-specific shRNA knockdown. In egg chambers from well-fed females, Dynein heavy chain 64c (Dhc) knockdown in germline cells blocked oocyte enrichment of Me31B ( Fig. 8A and E) , indicating that the shRNA line was effective at reducing Dynein activity needed for enriching maternal proteins in the oocyte, as previously shown with Dhc mutants (McGrail and Hays, 1997) . Interestingly, MTs were more uniformly distributed in Dhc knockdown egg chambers ( Fig. 8C and G) , suggesting that some Dynein activity is required for MT distribution in fed conditions. Furthermore, germline knockdown of Dhc prevented egg chambers from undergoing MT reorganization during starvation. Instead, MTs remained dispersed in the cytoplasm without cortical enrichment ( Fig. 8D and  H) . These results suggest Dynein is involved in localizing MTs to the cortex, which is especially important during starvation. Importantly, blocking MT cortical condensation with Dhc shRNA also prevented the aggregation of P bodies in response to starvation in egg chambers (Fig. 8B, F and M) , supporting the conclusion that P body aggregation depends on shifting the distribution of MTs from the cytoplasm to the cortex.
Kinesin heavy chain (Khc) has been shown to contain domains necessary for ooplasm streaming and cargo transport (Williams et al., 2013) . Reducing Khc with germline-specific shRNA had the opposite effect from Dhc shRNA. Egg chambers had a constitutive starvation phenotype with cortically enriched MTs in egg chambers from well fed females (Fig. 8K and L) and aggregates of P bodies under both fed and starved conditions (Fig. 8I, J and M) . These results are consistent with the idea that MT distribution in response to nutrition controls P body organization. Thus, Khc knockdown in egg chambers from well-fed females phenocopies the normal germline starvation response.
To determine if MT motor activity controls P body organization directly, perhaps by carrying RNP cargo, or indirectly by controlling MT organization, we tested the effect of colchicine treatment on egg chambers with reduced motor activity. In Dhc knockdown egg chambers, P body aggregates were present in both fed and starved egg chambers when MTs were depolymerized with colchicine (Supplementary material Fig. S5C and G) . Similarly, P body aggregates were still present in Khc knockdown egg chambers in the absence of microtubules (Supplementary material Fig. S5K and O) . Thus, the motors appear to be indirectly affecting P body organization by controlling MT organization.
Taken together, these data suggest that nutrient conditions may control the balance of Kinesin and Dynein activities. In this model, Kinesin activity is important for dispersal of MTs and P bodies in the egg chambers of fed females, and Kinesin motor function is reduced or altered in response to low dILP levels in starved flies. In contrast, Dynein's role in condensing MTs at the cortex is activated or enhanced in starved females, and results in P body accumulation in the cytoplasm.
Discussion
Abundant evidence has been gathered for the involvement of the insulin pathway in regulating cell growth during oogenesis (Drummond-Barbosa and Spradling, 2001; Ikeya et al., 2002; LaFever and Drummond-Barbosa, 2005 ). Here we have demonstrated that dILPs secreted from the IPCs in the brain relay information about nutrient conditions to the ovary to control a physiologically important response in immature egg chambers to transient nutrient shortage. We propose a model in which the signal is relayed to the germline cells by the somatic follicle cells and influences the organization of MTs and P bodies (Fig. 9) . Our data suggest that MT organization might be controlled by shifting the balance of MT motor activity. MT dispersion in well-fed, high dILP conditions is dependent on Kinesin motor activity, while cortical condensation and cytoplasmic depletion of MTs in response to starvation is dependent on Dynein motor activity.
The germline starvation response we are studying may be protective for the germline, as impairing the ability of egg chambers to respond to nutrient stress was correlated with decreased progeny survival. However, the method we used to block the response of MTs and P bodies to starvation was indirect-constitutive dILP secretion from the brain. Thus, it is possible that the inability to reorganize MTs and P bodies was only partly responsible for the significant reduction in embryo viability we measured. We cannot rule out the possibility that forced dILP secretion during nutrient stress has other deleterious effects on embryo quality independent of the P body starvation response. Although the ovaries in TrpA1-expressing, starved females were similar in overall appearance to controls, and the experiments were tightly controlled for temperature, crowding and nutrition, the MT and P body phenotypes we observe in the germline cells may be correlated with egg quality without having a direct causal relationship.
Our data indicate that nutrient availability is signaled to follicle cells in previtellogenic egg chambers by systemic dILP secretion from the IPCs of the brain. dILP secretion is very likely controlled by increased upd2 expression in the fat body in response to food, which indirectly stimulates dILP secretion by activating JAK/STAT signaling in GABAergic neurons adjacent to IPCs (Rajan and Perrimon, 2012) (Fig. 9) . dILP secretion also controls follicle cell division rate and follicle growth in response to food (LaFever and Drummond-Barbosa, 2005) . Thus, dILPs control physiological responses aimed at modulating oogenesis in response to food availability with the goal of preserving egg chambers at least until they reach the end of previtellogenic stages.
One function of P body aggregation appears to be protecting mRNAs from degradation. We saw no significant decrease in the population of P body-enriched mRNAs in the previtellogenic ovary of starved females, suggesting that these P bodies are similar to germline P bodies of C. elegans, which serve as storage sites for CGH-1 (Me31B) associated mRNA, such as nos-2 (Boag et al., 2008) , or P bodies in mammalian cells that appear to store mRNAs during amino acid deprivation (Aizer et al., 2014) .
Interestingly, sperm deprivation in C. elegans causes changes in immature oocytes similar to what we have described in Drosophila starved egg chambers, including the formation of large P body-like aggregates and cortically condensed MTs (Boag et al., 2008; Harris et al., 2006; Noble et al., 2008) . Similarly, the egg chambers of sperm-deprived Drosophila virgins contain reticulated bodies (Snee and Macdonald, 2009 ). We do not observe the two fold increase in mRNP-associated mRNA levels that are present in the spermdeprived C. elegans oocytes (Boag et al., 2008) . Nonetheless, the starvation-induced phenotype in Drosophila and the sperm-deprivation induced phenotype in C. elegans are similar, suggesting an evolutionarily conserved mechanism used by the germline to respond to stress (Boag et al., 2008; Harris et al., 2006; Noble et al., 2008; Schisa, 2012) . P bodies in yeast also serve to store mRNA, as transcripts temporarily triaged in P bodies can proceed through translation once they leave these storage bodies (Brengues et al., 2005) . We propose that in Drosophila, P body enriched mRNA in aggregates with their associated mRNPs are available for rapid resumption of polarized transport to the oocyte via the MT network when food becomes available.
An important question that remains to be addressed is how the follicle cells communicate their altered insulin/TOR signaling activity to the germline. Insulin/TOR-signaling from the follicle cells to the Drosophila germline was previously shown to control egg chamber growth, as germline cysts surrounded by large TOR mutant follicle cell clones display slowed growth (LaFever et al., 2010) . Follicle cells also signal a germline MT rearrangement later in oogenesis. Activation of the EGF receptor in follicle cells by the Gurken ligand produced in the germline plays a central role in establishing both the anterior/posterior and dorsal/ventral axes (González-Reyes and St Johnston, 1994) . The signal resulting from activated EGFR that establishes the posterior pole of oocytes involves a dramatic rearrangement of the germline MT cytoskeleton. Thus, in both posterior patterning and the germline response to starvation, activation of a receptor tyrosine kinase pathway in the follicle cells results in global reorganization of MTs in the underlying germline (González-Reyes and St Johnston, 1994; Newmark et al., 1997; Poulton and Deng, 2007) .
However, it remains unclear how signaling from the follicle cells to the germline is carried out in either case. In C. elegans oocytes, cortical MT organization and P body aggregation occur in response to decreased Major Sperm Protein, and this response relies on functional gap junctions between the oocyte and the surrounding sheath cells (Harris et al., 2006) . As gap junctions connect Drosophila follicle cells to the germline (Mahowald, 1972) , it is possible that signaling molecules diffuse through these channels to control the Drosophila germline starvation response. Alternatively, follicle cells may produce a secreted signaling molecule that is received by the germline to initiate changes to the MT cytoskeleton. Communication in the opposite direction, from the germline to the follicle cells, has been shown to employ the apical actomyosin cytoskeleton in follicle cells to coordinate the growth of the cyst by coupling somatic epithelium cell proliferation with the expansion of the underlying germline cells. This signaling is suspected to rely on the mechanical tension produced by the growing germline, as detected by the cyskeleton of the follicle cells (Wang and Riechmann, 2007) . Perhaps under starvation conditions epithelial tension caused by slowed follicle cell growth signals to the germline cells, which results in the reorganization of MTs and P bodies.
We propose that follicle cell signaling in response to nutrient availability shifts the balance between the activities of Kinesin and Dynein in the germline to control MT distribution (Fig. 9 ). In this model, Kinesin activity predominates in fed egg chambers to maintain a dispersed cytoplasmic MT network. In starved flies, increased Dynein activity and/or decreased Kinesin activity results in cortical MT accumulation and depletion of cytoplasmic MTs, thereby allowing P body aggregate formation. Khc is required in multiple cell types for the proper organization of cellular MTs (Jolly et al., 2010) . In S2 cells, disruption of Khc results in large parallel arrays of MTs, which is similar to the reorganization we observe in starved and Khc knockdown egg chambers. Dynein and Kinesin motors have also been shown to mediate MT function in mRNP trafficking and maintenance in the germ plasm (Sinsimer et al., 2013) . Furthermore, Kinesin and Dynein are known to act antagonistically in the control of ooplasmic streaming in stage 10A-10B egg chambers, as Dynein inhibition allows premature Kinesin-driven fast streaming (Serbus et al., 2005) . In another case, oxidative stress-induced Stress Granules and P bodies in mammalian cells are dependent on Dynein for their formation and Kinesin for their dissolution (Loschi et al., 2009) . Thus, modulating the relative activities of Kinesin and Dynein could provide a highly responsive mechanism for controlling the arrangement of MTs in previtellogenic egg chambers.
MT depletion in the cytoplasm appears to be necessary for P body aggregation during the starvation response. Depolymerizing MTs with colchicine induces the formation of germline P body aggregates (Shimada et al., 2011) , and cytoplasmic MTs are depleted in starved egg chambers containing numerous P body aggregates (Fig. 7) . Similarly, disruption of MTs in yeast by treatment with benomyl or a lesion in the Tub-1 gene can induce P bodies (Sweet et al., 2007) . We propose that when MTs accumulate at the cell periphery and diminish in the cytoplasm of starved egg chambers, mRNPs have decreased access to MTs and thus aggregate into large P body foci in the cytoplasm. When food is plentiful and MTs are dispersed in the cytoplasm, active transport of mRNPs along MTs prevents P body aggregation and mediates oocyte enrichment of maternal components. Importantly, our data suggest that the ability of egg chambers to respond to changes in nutrient availability by altering cytoskeletal organization, and thus mRNP organization, contributes to protecting and preserving immature previtellogenic egg chambers and enhancing egg viability.
Conclusions
The role of the cytoskeleton in controlling P body organization is an active area of research . Kinesin (KIF5) is involved with transporting P bodies to the dendrites in cultured hippocampal neurons (Oh et al., 2013) and Nesprin-1 has recently been shown to recruit P bodies to MTs in human cell lines . Here we have shown that Drosophila egg chambers provide an excellent system for studying P body dynamics in response to nutrient availability. In characterizing the germline starvation response, we have shown that systemic insulin signals are relayed to the germline by somatic follicle cells, and that the germline starvation response may contribute to maintaining the quality of eggs during periods of nutrient deprivation. P body aggregates that formed in response to starvation depend on the MT organization, and that MT organization is regulated by the Dynein and Kinesin motors. Future work will reveal how signaling from follicle cells causes changes in MT organization in the germline. (Rajan and Perrimon, 2012) . The secreted dILPs then signal to the follicle cells (shaded dark yellow), which communicate to the germline, allowing Kinesin to keep MTs diffuse and support Dynein-dependent mRNP transport to the oocyte. In poor nutrient conditions, fewer dILPs are secreted from IPCs, leading to decreased insulin/TOR pathway activity in follicle cells (shaded light yellow). This decreased signaling alters Dynein activity in the germline to promote cortical condensation of MTs (green) and consequently the accumulation of P bodies (red).
